ABSTRACT. Contact force sensing is a relatively new technology, and its use has been rapidly expanding. This paper provides an overview of the most recent studies in this field and explains why this technology has been so effective. It presents data from the SMART-AF and TOCCASTAR studies, describes the use of force sensing for the assessment of lesion formation, and discusses the economic impact of using contact force radiofrequency ablation for atrial fibrillation ablation.
SMART-AF and TOCCASTAR
SMART-AF and TOCCASTAR are probably the two most important studies in the field of force sensing. This is a brief summary of the two studies. SMART-AF was a prospective, multicenter, non-randomized study. 1 The test device was the THERMOCOOL s SMARTTOUCHt device (Biosense Webster, Inc., South Diamond Bar, CA), and its safety and efficacy were compared with predetermined performance goals. The study was conducted at 21 centers in the United States, and 172 patients with paroxysmal atrial fibrillation were enrolled. They were treated with pulmonary vein isolation ablation (PVI). The TOCCASTAR study was a prospective, multicenter, randomized study with a non-inferiority design comparing the TactiCatht catheter (St. Jude Medical, St. Paul, MN) with a control device, the Navistart Thermocoolt (Biosense Webster, Inc., South Diamond Bar, CA). The study was performed at 17 sites in the United States and Europe. In total, 300 patients were enrolled. These patients were the same population as for the SMART-AF; they all had paroxysmal atrial fibrillation treated with PVI.
Endpoints
In SMART-AF, a non-randomized study, the primary effectiveness endpoint was met (Figure 1) , and the success rate was about 74% at the 12-month follow-up. The study included 9.2% of patients who were on Class I/III anti-arrhythmia drugs; two subjects were on new anti-arrhythmia drugs (AAD) during follow-up, and were deemed protocol failures. The primary effectiveness endpoint in TOCCASTAR, a non-inferiority design study, was also met ( Figure 2 ). There were two definitions for treatment success: protocol-defined success (left) and clinically relevant treatment success (right). With either definition, the treatment/test catheter (TactiCath) was non-inferior to the control catheter (Navistar Thermocool). There are two important points that should be borne in mind. First, SMART-AF and TOCCASTAR had different definitions of success, so their success rates cannot be compared. Second, how contact force was used in these two studies is a critical point to understand the results, and this is discussed further below.
Use of contact force in the studies
The parameters of contact force in SMART-AF and TOCCASTAR are as follows. Per protocol, the physicians were not required to use a specific amount of contact force in either study; this was left to the discretion of the operator. In SMART-AF, the operators selected their force working range, and a post hoc analysis was performed to study the effect of percentage of time the operator stayed in the selected range. In TOCCASTAR, some operators used a contact force of 410g, and a prespecified analysis was used to study the effect of optimal force, which was defined as Z90% of the lesion being ablated at Z10g of force. 3, 4 In SMART-AF, the percentage of time the operators stayed in the selected force range was assessed, whereas in TOCCASTAR the study assessed how often the operators used optimal force. In SMART-AF, operators remained in their preselected force range 73% of the time. In TOCCASTAR, 57% of the patients were treated with optimal force, and 43% of the patients were treated with suboptimal force. These results are not comparable between the two studies, because of the the definition of "optimal force" was not the same. However, both studies show a very important factor, in that a significant number of patients were not treated with optimal force, because that was required by protocol. Figure 3 shows the impact of staying in the preselected force range in SMART-AF. If the operator stayed in their selected force range more than 80% of the time (orange curve), the success rate was 82%, compared with just 65% if they stayed within the range o80% of the time. This was not only the case at this time percentage (80%); this was studied across the wider percentages. As shown in Figure 3 , which is a plot of success rate versus percentage of time spent in the selected force ranges during ablation, the important finding is that the greater the time the operator stayed within the selected range, the higher the success rate. This was also consistent with the findings from TOCCAS-TAR, which showed that there was an improved success rate when ablation was performed at optimal force.
Use of force sensing for the assessment of lesion formation
Lesion assessment is probably the most important unmet need in electrophysiology. In the SMART-AF and TOC-CASTAR studies, force information was not integrated with other ablation parameters such as duration, power, and catheter stability, which are needed to assess lesion formation. However, technology has moved on since SMART-AF and TOCCASTAR completed enrolment.
New-generation mapping system that came after TOCCASTAR
Similarly, a new-generation mapping system was introduced subsequent to the TOCCASTAR study. It is a mathematical model integrating data from force, duration, and power. Similar to the system above, it integrates force with other inputs for ablation (duration and power), producing an assessment of your lesion formation. This results in a lesion size index (LSI), which is shown as a number on screen and is very helpful in assessing lesion formation. This system was tested retrospectively I the EFFICAS-I study, and showed that LSI correlates strongly with pulmonary vein isolation at 3 months. And EFFICAS-I is a study where patients were brought back for an electrophysiology study whether or not they had occurrence of atrial fibrillation to see if they had gaps. When the LSI was 5.7, there were no gaps, whereas when the LSI was lower, there were gaps. 
Conclusion
In summary, force sensing improves the efficacy of atrial fibrillation ablation when ablation is performed at optimal contact force.
The integration of force sensing with other inputs such as catheter location, power, and duration is likely to allow accurate assessment of lesion formation. The most recent data shows the use of force sensing is associated with economic benefit.
